Summary Leaves developing in different irradiances undergo structural and functional acclimation, although the extent of trait plasticity is species specific. We tested the hypothesis that irradiance-induced plasticity of photosynthetic and anatomical traits is lower in highly shade-tolerant species than in moderately shade-tolerant species. Seedlings of two evergreen conifers, shade-tolerant Abies alba Mill. and moderately shade-tolerant Picea abies Karst., and two deciduous angiosperm species, highly shade-tolerant Fagus sylvatica L. and moderately shade-tolerant Acer pseudoplatanus L., were grown in deep shade (LL, 5% of full irradiance) or in full solar irradiance (HL) during 2003 and 2004. Steady state responses of quantum yield of PSII (φ PSII ), apparent electron transport rate (ETR), nonphotochemical quenching (NPQ) and photochemical quenching (qP) were generally modified by the light environment, with slower declines in φ PSII and qP and greater maximal ETR and NPQ values in HL plants in at least one season; however, no link between quantitative measures of plasticity of these traits and shade tolerance was found. Plasticity of nine anatomical traits (including palisade cell length, which was reduced in LL) showed no relationship with shade tolerance, but was less in conifers than in deciduous trees, suggesting that leaf life span may be a significant correlate of plasticity. When LL-acclimated plants were exposed to HL conditions, the degree and duration of photoinhibition (measured as a decline in maximum quantum yield) was greatest in F. sylvatica, much lower in P. abies and A. alba, and lowest in A. pseudoplatanus. Thus, as with the other traits studied, vulnerability to photoinhibition showed no relationship with shade tolerance.
Introduction
The light environment of the forest understory depends on the characteristics of the tree crown canopy, which absorbs a large proportion of total solar irradiance and alters the spectral composition of the radiation it transmits (Grant 1997) . These effects on the understory irradiance regime influence succession and competition processes in the forest. Although many forest tree species regenerate in the low or moderate shade of the forest edge or in gaps, there are also highly shade-tolerant tree species that germinate and can grow for decades under a dense mature tree canopy (Ellenberg 1991 , Valladares et al. 2005 . Long-term survival in deep shade is likely associated with a suite of morphological, anatomical, ultrastructural and physiological traits (known as the shade-tolerance syndrome) that favor efficient light harvesting at low irradiances, efficient harvesting of sunflecks and efficient capture of blue light (Ellsworth and Reich 1992 , Hikosaka and Terashima 1995 , Walters and Reich 1996 , Henry and Aarsen 1997 , Niinemets et al. 1998 . The cost of shade tolerance may involve reduced photosynthetic capacity and increased vulnerability to photoinhibitory damage (Henry and Aarsen 1997, Kitao et al. 2003) .
Throughout a tree's lifetime, even shade-tolerant trees experience a range of irradiances, such as sunflecks in the understory, gap formation in the canopy or canopy closure in a maturing forest stand (Pearcy et al. 1994, Naidu and DeLucia 1998) . Local irradiance conditions to which individual leaves are exposed also vary throughout the crown (Sack et al. 2006 ). To cope with fluctuating irradiances, plants must be able to acclimate to such variation. At the leaf level, acclimation may be expressed through physiological adjustments of the existing foliage or through the production of new, acclimated foliage with altered physiology and, frequently, different anatomical structure.
Physiological acclimation to high irradiance involves reduced nitrogen allocation to light harvesting, increased photoprotective compounds, enhanced dark respiration rate, increased chlorophyll a/b ratio and changes in chloroplast ultrastructure, together leading to high light-saturated CO 2 uptake rates and high light compensation and saturation points (Givnish 1988) . The capacity for plastic changes in these traits appears to be inversely linked to shade tolerance of the species (Bazzaz and Carlson 1982 , Kitao et al. 2003 , Einhorn 2004 , although others have reported that the highest physiological plasticity is found in species with intermediate shade tolerance (Murchie and Horton 1997, Naidu and DeLucia 1998) .
Changes in leaf anatomy constitute a typical component of sun-shade acclimation, with sun leaves possessing a thicker mesophyll, often composed of more cell layers, and having a pronounced palisade layer, more abundant sclerenchymatic tissues and denser stomata than shade leaves (Givnish 1988 , Robakowski et al. 2004 . Such changes normally require production of new tissues; therefore, after leaves have fully expanded, anatomical adaptation is not possible until the next foliar flush, which may not occur until the following growing season. The extent of plastic anatomical change is species specific, although few ecological or life history predictors have been identified. As with physiological acclimation, there appears to be a link to shade tolerance, with highly shade-tolerant late-successional species exhibiting lower plasticity compared with moderately shade-tolerant or shade-intolerant species (Hanba et al. 2002 , Oguchi et al. 2005 , although this pattern is not universal (Strauss-Debenedetti and Berlyn 1994) .
We adopted a common garden approach to test the hypothesis that plasticity of leaf photosynthetic and anatomical traits is lower in shade-tolerant species than in intermediate-shade-tolerant species. Comparisons of trait plasticity were made within a pair of conifers (shade-tolerant Abies alba Mill. and moderately shade-tolerant Picea abies Karst.) and a pair of deciduous angiosperms (shade-tolerant Fagus sylvatica L. and moderately shade-tolerant Acer pseudoplatanus L.). We also monitored photoinhibition in shade-acclimated leaves of the four species after exposure to full sunlight to evaluate their ability to adjust to a sudden increase in irradiance.
Materials and methods

Plant material
We studied two evergreen conifers and two deciduous angiosperms with overlapping geographical distribution: silver fir (A. alba), a highly shade-tolerant late-successional species (Ellenberg's light index LI = 3); Norway spruce (P. abies), a moderately shade-tolerant pioneer mid-or early-successional species (LI = 5); European beech (F. sylvatica), a highly shade-tolerant late-successional species (LI = 3); and sycamore maple (A. pseudoplatanus), a moderately shade-tolerant mid-successional species (LI = 4). Light index values follow Ellenberg 1991 .
Three-year-old seedlings of A. alba, F. sylvatica and A. pseudoplatanus and 4-year-old seedlings of P. abies were obtained from Jagni¹tków nursery located in the Karkonoski National Park, southern Poland (50°49′ N, 15°37′ E, 600 m a.s.l.). In the nursery, the seedlings were grown from locally collected seeds in a substrate composed of a local forest litter and peat (7:3 v/v) without fertilizer. For the first two (three in the case of P. abies) years of cultivation, the seedlings were maintained under a rain-permeable cloth transmitting 25-30% of ambient solar irradiance. Subsequently, the seedlings were individually root-balled and placed in a bed receiving full ambient light. In October 2002, the root-balled seedlings were transported to the Botanical Garden at Adam Mickiewicz University (52°25′ N, 16°58′ E). At the time of transfer, deciduous trees were leafless, whereas two age classes of needles were present on A. alba and three on P. abies. Seedlings were planted in 8-l pots filled with a 1:1:1 (v/v) mixture of peat:bark:leaf mold and kept in an unheated greenhouse. On April 17, 2003 (before bud break), seedlings were transferred to the outdoor experimental garden and randomly assigned to either full irradiance (HL) or to low irradiance (LL; 5% of full solar irradiance). Shading was provided by a green cloth with a predetermined light absorption spectrum. Six or seven seedlings of each species were allocated to each treatment. The seedlings were maintained in their respective treatments for two growing seasons, i.e., until July 2004. They were watered as needed up to field capacity, typically every two days in full sun and twice a week in the shade during the growing season. In May 2003 and 2004, the seedlings were fertilized with a slow-release fertilizer (10:10:10 N,P,K, 4 g per pot).
Environmental conditions
Light attenuation by the shading cloth was determined by simultaneously measuring the photosynthetic photon flux (PPF) at an upper branch of each plant and in an adjacent unshaded location with light meters (Spectrum Technologies, Plainfield, IL). Mean relative PPF in the shade was 5 ± 0.5% of incident irradiance. The absorbance spectrum of the shading cloth was examined at Poznañ University of Technology, Laboratory of Optical Spectroscopy. Absorbance measurements were taken between 350 and 800 nm and showed broad peaks at 350-450 and 600-700 nm, indicating depletion of the incident light spectrum in the violet-blue and red ranges (Figure 1 ).
To ensure that samples from each species were collected from similar light environments and to minimize the possibility of self shading, leaves for physiological and anatomical analyses were collected from upper parts of the crown. For both conifers, needles from upper ranks were collected.
During the 2004 season (from April 1 to July 15), air temperature in the experimental plots was continually monitored at 30-min intervals with two Hobo data loggers (Onset Computer Corporation, Bourne, MA) in each treatment. The mean temperature for this period was 17.4°C in full light and 16.5 °C under the shading cloth.
Chlorophyll fluorescence measurements
Chlorophyll a fluorescence was measured in leaves of five seedlings of each species (current-year needles of conifers) on two occasions (July 2003 and July 2004 ) with a fluorescence monitoring system (FMS 2, Hansatech, Norfolk, U.K.) controlled by a PC. Measurements were taken in the laboratory at ambient temperatures varying from 23 to 26°C. Before measurements, leaves were dark adapted for 30 min using the factory provided leaf clips. The fiber-optic encased in a light-tight chamber was inserted onto the leaf clip and the needles were exposed to modulated low intensity measuring light. After measuring minimum fluorescence (F o ), a saturating 0.7-s light pulse (PPF = 15.3 mmol quanta m -2 s -1 ) was delivered to induce maximum fluorescence (F m ). Maximum quantum yield (F v /F m ) of PSII photochemistry was calculated by the instrument software, where
Subsequently, to generate light response curves of PSII quantum yield (φ PSII ), leaves in the clip were illuminated with up to 12 irradiances of actinic light from a halogen lamp, applied in order of increasing irradiance. Irradiances of actinic light corresponding to each instrument setting were measured before the experiment with a light sensor inserted in the leaf clip in the position of the leaf. After steady state fluorescence in actinic light (F s ) was reached (as observed on a computer screen; typically a 4-to 7-min stabilization period was needed), a 0.7-s saturating light pulse was delivered and maximum lightadapted fluorescence (F m ′) was determined. Quantum yield of PSII was defined as: Genty et al. 1989) . For each actinic light intensity, non-photochemical quenching of fluorescence (NPQ) was calculated according to the formula: NPQ = (F m -F m ′)/F m ′ (Maxwell and Johnson 2000) . Similarly, coefficients of photochemical quenching (qP = (F m ′-F s )/(F m ′-F o ′ )) were calculated based on estimates of minimum light-adapted fluorescence ( Oxborough and Baker 1997) . Measurements on a given leaf were taken until φ PSII became lower than 0.1, because beyond that value the signal to noise ratio became unacceptably small. This resulted in light response curves of unequal lengths.
For each light treatment, the apparent rates of photosynthetic electron transport (ETR) through PSII were calculated by the formula ETR = αφ PSII (PPF)0.5, where α is leaf absorptance (Maxwell and Johnson 2000) . Assumptions were made that the excitation energy is partitioned equally between the photosystems (hence the factor 0.5, Maxwell and Johnson 2000) . Leaf absorptance was calculated for each species based on leaf chlorophyll concentration according to the model of Evans (1993) . Exponential rise-to-maximum functions (Rascher et al 2000) were fitted to ETR light response curves (R 2 > 0.95) to estimate their maximal values (ETR max ) for subsequent statistical analysis. The same types of functions were fitted to NPQ response curves to estimate the highest value of NPQ (NPQ max ) for the PPF range tested. Even though, on theoretical grounds, NPQ is not expected to reach maximum, the procedure was justified by the high coefficients of determination (R 2 > 0.97).
Photosynthetic pigments
In July 2003 and 2004, leaf samples (40-50 mg fresh mass (FM), only current-year needles from conifers) were collected on the day of chlorophyll fluorescence measurements from the twigs used in the fluorescence measurements. Needles were cut into 2-mm pieces and incubated in 5 ml of 100% dimethylsulfamide saturated with CaCO 3 at 60°C until the solution became translucent (about 5 h). The absorbance of the extract was measured at 665, 648 and 470 nm. Chlorophyll a and b (subsequently pooled) and total carotenoid concentrations were calculated according to Barnes et al. (1992) and expressed on a leaf area basis.
Leaf mass per area
Additional leaf samples (300 mg FM) from the same twigs were used to determine leaf mass to area ratio (LMA) for each seedling. Leaf projected area was measured with a scanner and ImageJ software. The leaf samples were then oven dried for one week at 65°C and weighed. We computed LMA from dry leaf biomass and projected area.
Leaf anatomy
In July of each year, when expansion of new leaves had been completed, three leaves were harvested from every plant for anatomical study. Small pieces were excised from the middle of the laminae and fixed in a solution of 2% glutaraldehyde and 2% paraformaldehyde in cacodylate buffer (pH 7.2). Next, samples of A. pseudoplatanus and F. sylvatica were dehydrated in a graded ethanol series (10, 30, 50, 70, 90, 96 and 100% ethanol) , cleared in butanol and embedded in paraffin (Paraplast Plus, Sigma-Aldrich, St. Louis, MO). Semi-thin sections (12-µm thick) were obtained with a rotary microtome (Reichert, Austria), stained with safranine and fast green and permanently mounted on slides. For needles of A. alba and P. abies, hand sections were made from unembedded needles, dehydrated in an ethanol series to 70% ethanol, stained with phloroglucinol-HCl and observed in glycerol. Sections were examined with a microscope (Axioskop, Zeiss, Germany) and microphotographs were taken with an attached Powershot G5 camera (Canon, Japan). Measurements of selected anatomical traits were conducted on digital images with the automated linear measurement function of the LSM500 software (Zeiss, Germany) and appropriate calibration. In total, nine traits were studied, however, only eight traits were directly homologous in all species. These were: (1) thickness of the midrib; (2) thickness of the main vascular bundle (one of the two in the case of A. alba); (3) thickness of the lamina (for P. abies it was the same as midrib thickness); (4) length of palisade cells (de-fined broadly as the adaxial layer of the mesophyll, without regard to actual cell shape); (5) width of the palisade cells; (6) thickness of the adaxial epidermis; (7) thickness of the abaxial epidermis; and (8) diameter of the largest conduit. An additional trait describing the abundance of sclerenchyma was defined separately for conifer and deciduous species, taking into account details of leaf structure. Thus, in A. alba and P. abies it was defined as the number of hypodermal sclerenchyma fibers in a half-section of the leaf, and in F. sylvatica and A. pseudoplatanus it was defined as thickness of the sclerenchyma layer in the midrib. Measurements were taken from three leaves of each plant and data were averaged on a per plant basis.
Photoinhibition
To evaluate the susceptibility of young trees to photoinhibition, on July 16, 2004, the LL-acclimated seedlings were moved to the HL plot. We then measured maximum quantum yield of PSII (F v /F m ) before transfer to the HL plot (Day 0) and 1, 2, 3, 4, 8, 11, 15, 22 and 29 days thereafter on HL-and LL-grown plants with a plant efficiency analyzer (PEA, Hansatech, Norfolk, U.K.). Each time, leaves were dark adapted overnight using factory-provided leaf clips, and measurements were conducted early the following morning. We determined F v /F m following a 1-s pulse of red light at PPF = 4000 µmol m -2 s -1 .
Data analyses
The differences between treatments in responses of φ PSII , qP, ETR and NPQ to light were tested for each species separately in 2003 and 2004. First, for each light response curve a single cardinal characteristic value was obtained. These were, respectively: φ PSII and qP at PPF = 343 µmol m -2 s -1 (φ PSII343 and qP 343 ), ETR max and NPQ max calculated through the curve fitting procedure (see above). These values were then subjected to two-way analyses of variance (ANOVA) with species and light treatment as independent factors. Differences between treatments within a species were subsequently tested using preplanned contrasts. Two-way ANOVA followed by contrasts was used to test the light response of LMA, anatomical traits (after a MANOVA was applied) and photosynthetic pigment concentrations. Plasticity indices (PI = (Max -Min)/Max)) for each trait were calculated according to Valladares et al. (2000) .
For analysis of the temporal variation in F v /F m after exposure of all plants to full sun, a repeated measures ANOVA was applied, with species and original light regime as categorical variables and the 10 measurement days as levels of the repeated factor. Subsequently, pre-planned contrasts between HL and LL groups were calculated separately for each species and sampling day. For all analyses, effects were considered significant when P < 0.05.
Results
Chlorophyll fluorescence
Shading treatment significantly affected the responses of fluorescence parameters to light in both years of the experiment with a significant species effect for φ PSII343 in 2003, and for ETR max , NPQ max and qP 343 in both years (Table 1 In panels A, B, G and H, asterisks indicate significant differences between treatments for response variables corresponding to PPF = 343 µmol m -2 s -1 (*, P < 0.05; **, P < 0.01; ***, P < 0.001). In panels C-F, horizontal lines indicate maximal values of ETR or NPQ derived through curve fitting (dashed line = HL, solid line = LL). Different letters at these lines indicate significant contrasts between treatments. of HL plants of other species. The decline in the qP coefficient in response to light was generally stronger in LL plants than in HL plants, with the pattern of significant differences being closely similar to that for φ PSII (an additional between-treatment difference in qP 343 was found in A. alba in 2004). In interspecific comparisons, the highest plasticity indices for φ PSII343 , ETR max and qP 343 were found in A. alba and A. pseudoplatanus in the first season, and in F. sylvatica followed by A. pseudoplatanus in the second season (Table 2 ). In the first season, NPQ max was the most plastic in A. pseudoplatanus, followed by F. sylvatica, A. alba and P. abies, whereas in the second season, the species ranking was similar, except that P. abies and A. alba switched positions.
Photosynthetic pigments
The effect of shading on area-based concentrations of photosynthetic pigments and carotenoid to chlorophyll ratio was highly species specific, as shown by the significant Species × Shading interaction terms (Table 1 ). In 2003, chlorophyll content in HL leaves was higher than in LL leaves in A. alba and lower in F. sylvatica, whereas in 2004 it was lower in P. abies and higher in A. pseudoplatanus ( Figures 6A and 6B) . In 2003, HL leaves had higher leaf-area-based carotenoid concentrations in both conifers, and lower concentrations in F. sylvatica, whereas in 2004 increases in area-based carotenoid concentrations in HL leaves were found only in F. sylvatica and A. pseudoplatanus (Figures 6C and 6D) . Irradiance re- 6F ). The distribution of PI values for pigment concentrations was also complex, with the most striking trend being the reduction in PI in the second year of the study in A. alba and F. sylvatica, i.e., the more shade-tolerant species of each pair (Table 2) .
Leaf mass per area
Shade leaves had significantly lower LMA than sun leaves in all species except F. sylvatica in 2003 (Tables 3 and 4 ). In that season, plasticity in LMA was highest in A. pseudoplatanus. In the 2004 season, A. pseudoplatanus maintained the highest plasticity index for LMA but was closely followed by F. sylvatica. Both conifer species had consistently lower PIs which, in contrast to F. sylvatica, changed little between years.
Leaf anatomy
As shown in Table 4 , nine out of 10 leaf anatomical traits studied responded to shading in at least one of the seasons, the exception being the number of sclerenchyma fibers in the two conifers. The responses were species specific, as indicated by the significant interaction terms (Table 4) and by the distribution of significant contrasts (Table 3) .
Abies alba In the first season of the experiment, needles developed in full sun were statistically indistinguishable from needles developed in the shade (Table 3 ). In the second season, newly produced sun needles were thicker (both at midrib and at midlamina) and had longer palisade cells and thicker vascular bundles than the shade needles, with other traits remaining unaffected.
Picea abies
In the first year, sun needles differed from shade needles only in having slightly smaller conduits (Table 3 ). In the following season this difference disappeared, but the sun leaves were thicker, and had longer and wider palisade cells than the shade leaves.
Fagus sylvatica In the first season, sun leaves had significantly thicker laminae with longer palisade cells, a thicker main bundle and adaxial epidermis and a better developed midrib sclerenchyma layer compared with shade leaves (Table 3). Sun leaves produced in the second season differed in these traits from shade leaves, and had thicker midribs and abaxial epidermal layers. In principle, the palisade mesophyll usually consisted of a single cell layer although, in full sun, an occasional doubling of the palisade layer occurred. Table 3 ). The laminae were also thicker in sun leaves, and the palisade cells (always a single layer) were longer and narrower. The epidermal layer was significantly thicker in shade leaves, but only on the adaxial surface and only in the second season. In the first season, sun leaves also had wider conduits and more developed midrib sclerenchyma than shade leaves. The differences among species in responsiveness to light environment can be seen when all traits are considered jointly for the first and second year. Thus, of 18 possible comparisons for each species, A. alba showed significant changes in four, P. abies in six, F. sylvatica in 11, and A. pseudoplatanus in 13 (Table 3 ). The magnitude of overall trait change was measured by PI (Table 2 ) which, for the two conifers, reached mean values between 0.09 and 0.12, and for the deciduous species were considerably higher, with second season anatomical plasticity in F. sylvatica reaching 0.43, mostly because of variation in the length of the palisade cells (PI = 0.70).
Acer pseudoplatanus
Photoinhibition
When plants were maintained in their respective growth environments, the F v /F m ratio remained generally high in both years (above 0.77; were found in A. alba. When, after two seasons of acclimation to HL or LL conditions, all plants were exposed to HL, F v /F m remained around 0.8 in HL plants of all species, but declined to various degrees in LL plants (Figure 7 ). The strongest decline followed by only partial recovery within one month occurred in F. sylvatica ( Figure 7C ), followed by P. abies, A. alba and A. pseudoplatanus (Figures 7B, 7A and 7D, respectively) . In A. pseudoplatanus, F v /F m recovered almost completely by the end of the measurement period ( Figure 7D ).
Discussion
We examined physiological and anatomical adjustments of leaves to contrasting irradiances in trees differing in shade tolerance. Before the experiment, seedlings were raised for one year in a fully illuminated location. Subsequently, some seedlings continued to be exposed to full sun and others were shaded. Thus, the experiment tested the ability of plants to acclimate to shade.
Electron transport capacity of leaves can adjust in response to a change in light availability (Kitao et al. 2000, Hjelm and Ögren 2004) , with HL plants expected to have smaller declines in φ PSII (the main variable component of ETR) and larger ETR capacities than LL plants (Bailey et al. 2004 ). This expectation was confirmed in five of the eight HL versus LL comparisons, 1300 WYKA, ROBAKOWSKI AND¯YTKOWIAK TREE PHYSIOLOGY VOLUME 27, 2007 28.2 ± 9.7
and ETR acclimated to irradiance in all species in at least one season. However, no evidence of adjustment in ETR capacity was found in the middle of the first season in P. abies and F. sylvatica and a loss of acclimation was noted in the second season in A. alba. The similarity of ETR responses to light between HL and LL leaves of these species could have been brought about by a strong reduction in F m ′ in HL plants as a result of the engagement of photoprotective NPQ. The finding that acclimation of ETR was delayed until the second season in P. abies and F. sylvatica may reflect a carry-over effect of nursery conditions. Such long delays are, however, atypical; usually, marked differentiation of fluorescence parameters develops within the first growing season (Einhorn et al. 2004 ). The disappearance of differences between HL and LL leaves in A. alba in 2004 cannot be readily interpreted. In contrast to ETR, the differences in NPQ capacity were consistent, with HL plants displaying greater photoprotective energy dissipation than LL plants. This is in agreement with the economy of light harvesting, because light-deficient plants would not benefit from unproductive dissipation of absorbed light, unless variation in irradiation, e.g., caused by sunflecks, required photoprotection. Similarly, HL plants maintained a higher qP (or at least not lower, except in the case of P. abies in 2003) than LL plants, showing their greater residual potential for photochemistry, i.e., lower photoinhibition at a given irradiance. Thus, across all study species, the experiment induced a range of acclimation responses consistent with other published studies for HL and LL trait suites (Mohammed and Parker 1999 , Hjelm and Ögren 2004 , Bailey et al. 2004 .
In contrast, when comparisons of shade species with midtolerant species were made for the angiosperm and gymnosperm species pairs, the highly shade-tolerant species was not necessarily less able than the mid-tolerant species to adjust PSII chlorophyll fluorescence traits. The largest relative difference between HL and LL plants in maximal ETR and qP was found in the highly shade-tolerant F. sylvatica in the second year of the experiment. This result contrasts with the higher physiological plasticity of mid-successional species documented by Bazzaz and Carlson (1982) , Murchie and Horton (1997) , Hanba et al. (2002) , Einhorn et al. (2004) and Oguchi et al. (2005) . Also, plasticity of NPQ capacity only partly conformed to the expected interspecific pattern, in that in both years, the PI for A. pseudoplatanus was larger than for shade-tolerant F. sylvatica. This difference, however, was not replicated between the conifer species. Moreover, the highly shade-tolerant A. alba showed the greatest ability of all species for light inducible photoprotection in both HL and LL leaves, suggesting that the long life expectancy of its foliage requires a constitutively high degree of stress resistance. Overall, shade tolerance of the species did not explain species ranking by magnitude or plasticity of chlorophyll fluorescence traits.
Chlorophyll concentration per unit leaf area is a major determinant of the light harvesting capacity of the leaf and it is usually lower, or at least not higher, in HL leaves than in LL 1302 WYKA, ROBAKOWSKI AND¯YTKOWIAK TREE PHYSIOLOGY VOLUME 27, 2007 leaves (Murchie and Horton 1997) . In our study, in contrast to major shifts in ETR and fluorescence quenching indices, plasticity in area-based chlorophyll concentrations was generally low (PI < 0.25, except in F. sylvatica in 2003) , mostly insignificant and revealed no consistent difference between HL and LL plants. Similar to the fluorescence parameters, there was no relationship to the shade tolerance of the species. Carotenoids are accessory pigments that play both photoprotective (Adams and Demmig-Adams 1994) and light harvesting functions, hence the response of their total pool to irradiance is unpredictable although generally, HL leaves have higher carotenoid concentrations than LL leaves (DemmigAdams 1998, Valladares et al. 2000) . With the exception of F. sylvatica in 2003, all significant differences in area-based carotenoid concentrations were due to enhancements in HL leaves, thus supporting their photoprotective role. A similar trend was found for the carotenoid/chlorophyll ratio which, except for A. pseudoplatanus in 2003, was greater in HL leaves than in LL leaves whenever differences were significant. No link was apparent between carotenoid concentrations and species' capacity for light-induced NPQ (Demmig-Adams 1998). Much of the photoprotective effect, however, may be achieved by involvement of carotenoids in the direct protection of membranes (Müller et al. 2001) .
Modifications in leaf structure induced by changing irradiances are among the most remarkable examples of adaptive leaf plasticity. One major difference typically observed between sun and shade leaves is the greater thickness of the mesophyll in the former (Givnish 1988) . It is usually interpreted as a way of developing internal cell surfaces to facilitate efficient packaging of increased numbers of chloroplasts (Oguchi et al. 2003) . In all species, leaf lamina thickness and palisade cell length were greater in HL leaves (although in both conifers only in the second year). Whereas plasticity of these traits in A. alba and P. abies were similar (Grassi and Bagnaresi 2001) and low, much larger PI values were found in the deciduous species. For all anatomical traits, the same pattern reappeared, with modifications in A. alba and P. abies affecting only a minority of traits and occurring almost exclusively in the second season. Within the much more plastic deciduous species, clear interspecific differences appeared in the second season, with strikingly larger PI values in the shadetolerant F. sylvatica. Thus, within the limited species range tested, shade tolerance was not a consistent predictor of anatomical plasticity. Instead, it appears that anatomical plasticity in conifers was limited by phylogenetic constraints or by the evergreen leaf life span (Youngblood and Fergusson 2003) . Evergreen plants are considered to be relatively conservative in their responses to environmental factors (Valladares et al. 2000) ; however, it might be expected that the ability of existing evergreen leaves to acclimate would be higher than that of deciduous leaves because evergreen leaves have a longer lifespan and must contend with changes in the light environment to achieve a return on the biomass invested in their construction (Kursar and Coley 1999) . Nevertheless, an empirical relationship between leaf life span and plasticity is not well established, because studies of deciduous and evergreen species under uniform conditions are rare (Kursar and Coley 1999) .
Anatomical determination of mesophyll structure can occur as early as in the season preceding leaf expansion (Eschrich et al. 1989 ). In our study, shading began shortly before bud break in 2003 and yet, in the same growing season, both deciduous tree species were able to develop at least some typical shade anatomical characteristics. However, for many traits, differences between the light treatments were magnified in the second year, showing that anatomical and physiological adjustment to shade is a long-term process.
As shown by subjecting LL plants to a light shock, acclimation to the shade environment was linked to a greater vulnerability to photoinhibition in all species. Although the greatest TREE PHYSIOLOGY ONLINE at http://heronpublishing.com ACCLIMATION OF TREES TO IRRADIANCE 1303 Figure 7 . Photoinhibition measured as a decline in maximal quantum yield of PSII (F v /F m ) in leaves of Abies alba (A), Picea abies (B), Fagus sylvatica (C) and Acer pseudoplatanus (D) acclimated for two seasons to full solar irradiance (HL, ᭺) or 5% of full solar irradiance (LL, ᭹) and exposed to HL on day 0. Means ± standard deviations are shown. Asterisks refer to significant differences between F v /F m values for the two treatments within each species and on a given measurement day.
degree of photoinhibition, and the least effective recovery, was found in F. sylvatica, the equally shade-tolerant A. alba showed little photoinhibition, being essentially similar to the mid-tolerant deciduous A. pseudoplatanus. The other conifer, P. abies, although less shade-tolerant than A. alba, showed greater photoinhibition. Photoinhibitory damage was thus highly species specific. The most striking observation was the contrast between A. alba and F. sylvatica, even though both species regularly occur in neighboring microsites and experience similar light regimes, including the occurrence of light flecks (Jaworski and Fujak 1983) . This study confirmed our earlier finding that A. alba is remarkably tolerant to photoinhibition (Robakowski et al. 2004 , but see Grassi and Bagnaresi 2001) . This tolerance can be at least partly attributed to its high capacity for NPQ (both in HL and LL plants, Figures 2E and 2F) , which likely plays a photoprotective role (Adams and Demmig-Adams 1994) and is an unusual feature for a shade-adapted plant (Johnson et al 1993) . Alternatively, the photoinhibitory damage might also be reduced by the high ETR of A. alba (Grassi and Bagnaresi 2001, Robakowski et al. 2004) . The tolerance may also be enhanced by the thick epidermis, which may reduce penetration of irradiance into the mesophyll (DeLucia et al. 1992) . In contrast, the co-occurring F. sylvatica is known for its vulnerability to photoinhibition (Einhorn et al. 2004 ). This late-successional species may have intrinsic difficulties in rapid photosynthetic acclimation to high irradiances, but the potential for long-term acclimation cannot be excluded (Tognetti et al. 1997 ).
There are certain aspects of this study that might have influenced the observed interspecific patterns. First, the plasticity revealed by subjecting whole plants to HL and LL treatments might not be representative of the situation where variation in irradiance occurs among branches of a single tree, because of the different resource constraints and within-plant regulatory interactions (Leverenz and Jarvis 1980) . Our results are nevertheless relevant for juvenile trees in the understory, where large, stable irradiance gradients within branches of an individual seedling are unlikely. Second, whereas deciduous leaves were sampled at the peak of their development, conifer needles included in the experiment had reached only a fraction of their potential lifetime. Although expansion of their photosynthetic area had been completed, it is possible that further modifications, e.g. secondary growth, dry matter deposits or cellular damage, would have accumulated in the future, affecting also functional traits. Hence, plasticity indices of conifers might have become modified in subsequent growing seasons. Third, plants were grown in only two light environments. Depending on species, the effect of irradiance on particular traits may be nonlinear, with maximal trait values reached in intermediate irradiances rather than in extreme irradiances (Bailey et al. 2004 ) which, in specific cases, may lead to an underestimation of the acclimation potential. Finally, modification of spectral light quality, i.e., far-red enrichment relative to red wavelengths, caused by canopy shading affects the various leaf photosynthetic traits independent of total irradiance and in a species-specific manner (Pons and de Jong-van Berkel 2004) . Our green shading cloth reduced the red light fraction (655-665 nm) to a larger extent than the far-red (725-735 nm) fraction, although there are no data to show that the red to far-red ratio incident on the leaves was as low as that encountered under the tree canopy. At the same time, the effects of spectral shift on structural and physiological leaf traits tend to be of much lower magnitude than the effects of PPF reduction (Pons and de Jong-van Berkel 2004) .
Acclimation responses in physiological and anatomical traits of juvenile individuals may differ from those observed in leaves of mature trees (e.g., along a canopy light gradient, Hansen et al. 2002) . Mature leaf samples typically reveal a greater plasticity compared with juvenile material. For example, sun leaves of mature F. sylvatica have two palisade layers (Eschrich et al. 1989) . In contrast, in juvenile F. sylvatica HL leaves studied here, only one palisade layer was typically present. Likewise, expression of sun leaf traits in mature A. alba is much greater than that seen in our study (Pawlaczyk et al. 2005) . Economic constraints and trade offs (Givnish 1988) , as well as stress factors that operate at juvenile stages, are different from those in adult trees; hence, life-stage specificity of acclimation strategies is likely.
The classification of tree species by their light requirements is generally based on qualitative estimates of the natural light environment in which the species most often occurs or on survival in a particular light environment (Reich et al. 2003) . Comparative studies such as this reveal that similar ecological positions may be occupied by species differing strongly in the expression of functional traits (e.g., contrast between A. alba and F. sylvatica) and in the potential for their plastic modification. Similarly, a study of 11 Acer species grown in different light regimes did not allow their classification into distinct categories (Lei and Lechowicz 1998) . However, leaf life span appears to have a major influence on light acclimation, especially acclimation through anatomical changes.
